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ABSTRACT
Aim The olive tree is considered one of the best indicators of the Mediterranean
climate. The species’ distribution is associated with geographical and bioclimatic
factors, as well as being influenced by a long period of cultivation. Despite
concerted efforts of different research groups, the origin of the Mediterranean
olive tree still remains elusive. In the present study, relationships between taxa
and populations covering the entire range of Olea europaea were investigated
using both maternal (plastid genome) and biparental (nuclear genome) markers
to disclose evolutionary patterns in the olive complex. Phylogenetic and
phylogeographical results of the two-genome analyses were interpreted in a
biogeographical context.
Location Mediterranean, temperate and subtropical floristic regions of the Old
World.
Methods Phylogeographical reconstructions of plastid DNA polymorphism
were performed using microsatellites, restriction sites and indels on a wide sample
of 185 representative trees across the Old World, including 28 herbarium
specimens from remote areas. Additionally, the potential utility of one ITS-1
pseudogene for phylogenetic analyses was explored using Bayesian and maximum
parsimony approaches on a subsample of 38 olive trees.
Results Forty plastid haplotypes were recognized and split into two lineages and
seven sublineages. The analysis of ITS-1 sequences also allowed the identification of
seven well differentiated groups. Distribution of plastid and ribosomal DNA lineages
was congruent, but particular cases of phylogenetic incongruence were disclosed
(particularly in the Sahara and Madeira). Lastly, two divergent ITS-1 copies were
isolated from the same sample of four individuals of different subspecies.
Main conclusions Phylogenetic congruence of both ITS-1 and plastid lineages
suggested an evolutionary scenario of predominant isolation during the Plio-
Pleistocene in Macaronesia, the Mediterranean, southern Africa, eastern Africa and
Asia. The Saharan desert appeared to have played an important role of vicariant
barrier between southern and northern African populations in early times.
Incongruence of some plastid and nuclear results, as well as intermingled ITS-1
copies of different lineages in single individuals, was interpreted as a result of
recurrent reticulation events in the olive complex. We identified an ancient hybrid
zone from the Sahara to north-eastern African mountains, where divergent plastid
and nuclear lineages still co-exist. Results of this paper, and previous studies, suggest
that the cultivated olive originated from a pre-Quaternary Mediterranean ancestor,
with no evidence for a recent hybrid origin. In contrast, a continuous process of
olive domestication through local hybridization events of cultivated trees with
natural populations may have brought about a remarkably high genomic diversity
among cultivated trees across the Mediterranean.
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INTRODUCTION
The biological origin of domesticated plants is increasingly
being clarified by means of phylogeographical and phylogenet-
ic reconstructions (Armelagos & Harper, 2005; Zeder et al.,
2006). Despite the concerted effort of different laboratories
(Angiolillo et al., 1999; Besnard et al., 2001a, 2002; Contento
et al., 2002; Owen et al., 2005; Breton et al., 2006; Rubio de
Casas et al., 2006), the precise origin of the domesticated
Mediterranean olive tree (Olea europaea L. subsp. europaea)
has remained elusive. Relatives of the Mediterranean olive tree
are circumscribed in five subspecies (Green, 2002): laperrinei,
distributed in Saharan massifs (Hoggar, Aı¨r, Jebel Marra);
cuspidata, from South Africa to southern Egypt and from
Arabia to northern India and south-west China; guanchica in
the Canary Islands; maroccana in south-western Morocco; and
cerasiformis in Madeira. Four historical hypotheses have been
formulated to account for the origin of the Mediterranean
olive tree on the basis of the geographical distribution of
morphotypes and chemotypes: (1) migration, establishment
and evolution from populations of subsp. cuspidata occurring
in Tropical Africa or southern Asia; (2) isolation of popula-
tions of subsp. laperrinei in the Mediterranean after Quater-
nary range contractions; (3) hybridization between two taxa
(related to subsp. europaea and cuspidata) co-occurring in
eastern Mediterranean mountains; and (4) divergence from an
O. europaea lineage in the Mediterranean (Oliver, 1868;
Newberry, 1937; Chevalier, 1948; Turrill, 1951; Elant, 1976;
Green & Wickens, 1989; Zohary & Hopf, 2000). Palaeobota-
nical evidence also suggests that the past distribution of
populations of subspecies laperrinei (Batt. & Trab.) Ciferri and
cuspidata was adjacent to the Mediterranean basin (Que´zel,
1978). The question remains whether these two taxa
contributed to the evolution of the Mediterranean olive in
the Pliocene and Pleistocene, much earlier than the present-
day pattern of extensive hybridization between wild and
cultivated olives throughout the Mediterranean (Zohary &
Hopf, 2000; Vargas & Kadereit, 2001; Besnard et al., 2002).
Common maternal inheritance of organelles makes cyto-
plasmic DNA polymorphism an ideal tool for phylogeograph-
ical study and assessment of phylogenetic relationships
between uniparental lineages disseminated by seeds (Schaal
et al., 1998; McKinnon et al., 2004; Petit et al., 2005). Cyto-
plasmic DNA polymorphism was used to evaluate the origin of
wild Mediterranean and cultivated olives (Besnard et al., 2000,
2002; Vargas & Kadereit, 2001; Baldoni et al., 2002). To date,
15 plastid DNA haplotypes from five main clades correspond-
ing to specific geographical areas (clade A, eastern and
southern Africa; clade C, southern Asia; clade E1, Saharan
Africa and the Mediterranean; clade E2, western Mediterra-
nean; clade M, southern Morocco and the Canary Islands)
have been identified in the olive complex (Besnard et al.,
2002). This clear-cut phylogeographical structure is congruent
with palaeobotanical evidence for evolution of ‘modern’
lineages during the Plio-Pleistocene (Terral et al., 2004b).
Populations of O. europaea from eastern Africa were under-
represented in most studies because of sampling difficulties,
even though this geographical area has been hypothesized as an
important centre of diversity for O. europaea (Oliver, 1868;
Besnard et al., 2002). Incongruence between fingerprinting
results used to analyse relationships between O. europaea taxa
left open the question whether hybridization had taken place
in eastern Africa (Angiolillo et al., 1999; Hess et al., 2000;
Besnard et al., 2001b). Results based solely on either maternal
or biparental markers are, however, insufficient to infer
reticulate evolution in any species complex (Rieseberg et al.,
1996).
The analysis of both cytoplasmic and nuclear markers,
particularly the use of maternally and biparentally inherited
markers, can help to detect hybridization between differenti-
ated populations, and to reconstruct ancestral lineage-sorting
events during species formation (Comes & Abbott, 2001;
Cronn et al., 2003; Doyle et al., 2003; Chat et al., 2004; Cronn
& Wendel, 2004). The internal transcribed spacers (ITS) of the
nuclear ribosomal DNA (nrDNA) are biparentally-inherited
markers, and have been used extensively in the past decade in
the analysis of angiosperms, because they display informative
polymorphism and can be readily amplified and sequenced
even from poorly preserved material (Baldwin et al., 1995;
A´lvarez & Wendel, 2003). Due to a high number of ribosomal
DNA copies in a genome, ITS sequences can also be recovered
from archaeological material (Elbaum et al., 2006). Ribosomal
genes are subjected to concerted evolution, potentially leading
to uniformity of ITS sequences at the individual, population
and species levels (Liao, 2003; Rauscher et al., 2004; Kovarik
et al., 2005). When failure of concerted evolution occurs, the
ITS region allows detection of hybrids containing multiple ITS
copies (Ainouche & Bayer, 1997; Vargas et al., 1999; Manen,
2004; Ritz et al., 2005). Although ITS sequences were inform-
ative in the O. europaea complex, technical difficulties
(multiple DNA amplicons) were encountered when sequencing
ITS and external transcribed spacer (ETS) regions (Hess et al.,
2000). Pseudogenes have been reported in numerous species,
and can lead to additional methodological difficulties in
phylogeographical analysis based on divergent copies (Buckler
et al., 1997; Bailey et al., 2003). Nevertheless, pseudogenes of
Keywords
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the same type, similarly to active genes, are useful for
phylogenetic inferences, particularly when the functional
counterparts are not variable (Razafimandimbison et al.,
2004). In any case, a detailed characterization of nrDNA
orthology and paralogy is essential (Bailey et al., 2003).
Restricted sampling in previous studies (Vargas & Kadereit,
2001; Baldoni et al., 2002; Besnard et al., 2002), coupled with
reconstructions based on single genomic markers, contributed
to an incomplete understanding of the evolution of the
O. europaea complex and the origin of domesticated olive
trees. In this sense, herbarium samples from remote areas
become crucial in order to screen regions previously not
prospected. In the present study, molecular analyses of a large
number of plastid haplotypes and ribosomal DNA sequences
were performed to infer the phylogenetic relationships between
the six subspecies of the O. europaea complex, and the
phylogeographical structure of populations. Lastly, analysis of
plastid and nuclear ribosomal DNA data allowed recon-
struction of evolutionary patterns (isolation vs. hybridization)
involved in differentiation of the olive complex.
MATERIALS AND METHODS
Sampling strategy and characterization of plastid DNA
polymorphism
A total of 157 wild and cultivated individuals were sampled in
the field (see Supplementary Material). DNA from fresh leaves
desiccated in silica gel was extracted according to Besnard et al.
(2000). In addition, 28 herbarium samples, collected in 20 sites
from 15 countries, were characterized to take into account
individuals from remote areas never analysed so far (partic-
ularly from East Africa; see Supplementary Material). DNA of
herbarium material was extracted from 20 mg leaf tissue using
the DNeasy Plant Mini Kit (Qiagen, GmbH, Germany). To
verify reproducibility of the plastid DNA polymorphism
characterization, two independent DNA extractions were
performed for four herbarium samples (A. Faure s.n.,
Newberry 2, Fahmy & Hassib s.n. and Maas Geesteranus
5998). In total, 16 cultivated and ornamental trees and 169
wild individuals from 62 populations were analysed.
Sequence polymorphism of the plastid DNA (in trnT-L,
trnS-G and matK spacers) was initially screened in 20
individuals from the six subspecies (Besnard et al., 2003),
but sequence variation was particularly low (minimum 99.7%
similarity between two haplotypes). Once the most informative
plastid regions were identified, we analysed polymorphic
microsatellites, indels and cleaved amplified polymorphism
(CAP) loci because they: (1) can be used on forensic material;
(2) allow screening of polymorphism on independent spacers;
and (3) can be extended to large numbers of samples. A crucial
point in molecular characterization was the PCR amplification
of short DNA fragments (< 120 bp) to screen poorly preserved
material (herbarium specimens). The samples were screened
for eight polymorphic plastid DNA multi-state microsatellite
motifs (Weising & Gardner, 1999; Besnard et al., 2003;
Baali-Cherif & Besnard, 2005), two deletions of 8 and 10 bp
(Besnard et al., 2003), and 11 CAP markers (Besnard et al.,
2003; Baali-Cherif & Besnard, 2005; Table 1). These markers
were combined to obtain a multi-locus plastid DNA haplotype
for each individual.
Characterization of the ITS-1 spacer
To incorporate biparental data, a subsample of 38 individual
DNAs, including six herbarium specimens of different sub-
species, a wide range of geographical distribution, and plastid
lineages, was sequenced for ITS-1 (Table 2; Fig. 4). Technical
difficulties (due to simultaneous PCR amplification of diver-
gent ITS copies) had already been observed in the olive tree
complex when generating ITS sequences with different PCR
conditions and several angiosperm pairs of primers (ITS1-For
and ITS4-Rev, Brown et al., 1996 and A. Moukhli, unpub-
lished data; 17SE and 26SE, Hess et al., 2000; ITS-A and ITS-C,
A. Moukhli, unpublished data). Hess et al. (2000) successfully
isolated ITS-1 sequences from five subspecies. These ITS-1
accessions (AF251360–AF251364) were used to design one
forward internal ITS-1 primer (ITS-1f: 5¢-AAA-
AGGTAGACCCAYGAACTCG-3¢) to prevent amplification of
double bands and to amplify exclusively the same ribosomal
DNA-sequence copy retrieved by Hess et al. (2000). We
also designed one reverse primer (5.8Sr: 5¢-TCGC-
ATTTTGCTGCGTTCTTC-3¢) located at the 5¢ end of the
5.8S nrDNA. The PCR reaction mixture contained 1–10 ng
DNA template, 1x reaction buffer, 2 mm MgCl2, 0.2 mm
dNTPs, 0.2 lmol of each primer, and 0.75 U DNA polymerase
(AccuPrime Taq, Invitrogen, Carlsbad, CA, USA) in a total
volume of 25 lL. After 4 min at 94C, the PCR program in a
thermocycler (T1, Biometra, Go¨ttingen, Germany) was: 36
cycles of 45 s at 94C, 45 s at 53C, and 45 s at 72C. The last
cycle was followed by a 10-min extension at 72C. Direct
sequencing was performed using the Big Dye 3.1 Terminator
cycle-sequencing kit (Applied Biosystems, Foster City, CA,
USA) according to the manufacturer’s instructions and with an
ABI Prism 3100 genetic analyser (Applied Biosystems). Despite
amplifying a single band in all cases, double-peak chromato-
grams were observed in 17 individuals. For these samples, ITS-
1 haplotypes were isolated using the InsT/Aclone PCR product
cloning kit (Mbi Fermentas Inc., ON, Canada). We screened
positive bacterial colonies characterized by an insert of c. 260–
270 bp. For each clone, the insert was directly PCR-amplified
using M13 primers (using the PCR conditions mentioned
above) and then separated on a 3% agarose gel to estimate
fragment size. Ten positive transformed bacterial colonies were
isolated per individual. Each clone was digested with TaqI
(Mbi Fermentas). The degree of polymorphism for TaqI was
particularly high in ITS-1 sequences from Hess et al. (2000),
and allowed an unambiguous distinction of all identified
lineages (see below). Restriction fragments were separated on a
3% agarose gel, and different clones (revealed by different
profiles) were sequenced directly as previously described. This
methodology (direct sequencing and cloning followed by
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PCR–RFLP screening) allowed efficient detection of divergent
ITS-1 copies within a single individual.
Data analysis
To reconstruct a plastid DNA genealogy of the O. europaea
complex, a reduced median network was built based on
the CAP (restriction site presence or absence, indels) and
length multi-state of microsatellites (Bandelt et al., 1999;
Posada & Crandall, 2001). This maximum-parsimony
analysis was performed using the network software
(http://www.fluxus-engineering.com/sharenet.htm). Recurrent
mutations are more frequent on microsatellite motifs than
those observed on substitutions (Provan et al., 1999). In
fact, size homoplasy in O. europaea has been inferred
previously at two microsatellite loci (ccmp5 and psbK-trnS-
polyT/A; Besnard et al., 2002, 2003). To downweight these
microsatellite markers, we arbitrarily assigned a weight of
two for character changes in both CAPs and non-repeat
indels, but no correction was made for haplotype frequen-
cies (Bandelt et al., 1999).
Fungal endophytes or other contaminants of the nrDNA
ITS-1 sequences were not identified by blast research. All
available ITS-1 olive sequences deposited in GenBank (Hess
et al., 2000; P. Talhinhas and co-workers, unpublished data;
P.V., unpublished data) and those generated in the present
study were aligned using ClustalW (Thompson et al., 1994).
Manual alignments were necessary when including outgroup
sequences of other Oleaceae (Fraxinus, Jasminum, Ligustrum,
Osmanthus, Syringa). To help identification of pseudogenes,
the minimum-energy secondary structure of ITS-1 of each
sequence was estimated with MFold (http://mfold.
burnet.edu.au; Zuker, 1989) using the default temperature of
37C.
We used paup 4.0b8b (Swofford, 2001) to compute pairwise
sequence divergence, frequency of G + C, and maximum
parsimony (MP) analysis. Parsimony-based analyses were
conducted using unweighted Fitch parsimony (as implemented
in paup 4.0b10; Swofford, 2001), using a heuristic searches
strategy of 1000 random addition replicates followed by tree
bisection-reconnection (TBR) branch-swapping and with the
options MULPARS and STEEPEST DESCENT in effect.
Relative support for clades identified by parsimony was
assessed by 1000 bootstrap (bs) resamplings using the heuristic
search strategy indicated above.
To determine the model of sequence evolution that best
fitted the sequence data, the hierarchical likelihood ratio test
was computed with modeltest 3.06 (Posada & Crandall,
1998). Among the 56 models implemented in the software, the
one chosen for the ITS matrix was the HKY + G model.
Bayesian inference (BI) was performed using the same model
of substitutions with MrBayes ver. 3.1.1 (Ronquist &
Huelsenbeck, 2003). Bayesian inference was performed with
the following settings: the Markov Chain Monte Carlo
(MCMC) algorithm was run for 5,000,000 generations, with
four concurrent chains (one heated), saving the current treeT
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every 100 generations. Topologies prior to Ln-likelihood
stabilization (‘burn-in’; 5000 generations) were discarded and
posterior clade probabilities (pp) were computed from the
remaining trees using the ‘sumt’ command with the ‘con-
type ¼ halfcompat’ option. These analyses were replicated
three times to ensure topological convergence and homogen-
eity of posterior probabilities (Huelsenbeck et al., 2002). These
phylogenetic analyses were performed on the complete data
and then only with sequences generated both by Hess et al.
(2000) and in the present study (see below).
Table 2 List of Olea europaea individuals analysed using both ITS-1 sequences and plastid DNA haplotypes
Individual Accession no. ITS-1 lineage Plastid lineage
Subsp. europaea
Adana, Turkey AJ877270, AJ877271 III E1 (1)
Ali no. 10, Sicily, Italy AJ877282§ II E2 (12)
Birkhadem no. 7, Algiers, Algeria AJ877279§ II E2 (12)
Cadiz, Spain AM162274§ II E2 (11)
Cyrenaique no. 8, Libya AJ877274§ III E1 (1)
Harem no. 1, Syria AJ877269§ III E1 (1)
Mt Belloua no. 5, Kabylie, Algeria AJ877280§ II E3 (9)
Ostricone no. 5, Corsica, France AJ877281§ II E2 (11)
Tamanar no. 1, Morocco AJ877278§ II E2 (11)
Tiznit no. 1, Anti Atlas, Morocco AJ877276, AJ877277 II, III E2 (11)
Torvizcon no. 5, Spain AJ877273§ III E1 (1)
Urla no. 2, Turkey AJ877272§ III E1 (1)
cv. Olivie`re, France AJ877275§ III E3 (9)
cv. Taksrit, Algeria AJ877283§ II E1 (1)
Subsp. guanchica P. Vargas et al.
La Gomera no. 1, Canary Islands, Spain AJ877285, AJ877286 V M (17)
La Palma no. 2, Canary Islands, Spain AJ877284§ V M (16)
Subsp. maroccana (Greut. & Burd.) P. Vargas et al.
Mentaga no. 2, High Atlas, Morocco AJ877287, AJ877288 V, VII M (19)
Immouzzer no. 1, High Atlas, Morocco AJ877289§ V M (20)
Subsp. cerasiformis G. Kunkel & Sunding
Arco de Calheta, Madeira, Portugal AJ877291, AJ877292 II M (21)
Sa˜o Gonc¸alo, Madeira, Portugal* AJ877290§ II M (22)
Subsp. laperrinei (Batt. & Trab.) Cif.
Assekrem no. 1, Atakor, Algeria AJ877293§ V E1 (3)
Ilennanene no. 8, Issekraˆm, Algeria AJ877294, AJ877295 V E1 (3)
Jabbaˆrene, Tassili n’Adjer, Algeria AJ877296, AJ877297 V, I E1 (3)
Jebel Marra’ crater, Sudan Republic* AM162275§ I E1 (7)
Subsp. cuspidata (Wall. ex G. Don) Cif.
Almihwit no. 3, Yemen AJ878722, AJ878731 I C2 (28)
Amalundu, Zimbabwe AJ877301, AJ877302 IV A (37)
Cape Town, South Africa AJ877300 IV A (39)
China no. 1 (China) AJ878730§ I C1 (25)
Gebel Elba, Wadi Darween, Egypt* AJ878723, AJ878724 I E1 (8)
Kerman no. 2, Iran AJ878726 VI C1 (24)
Kirstenbosch no. 4, South Africa AJ877298, AJ877299 IV A (35)
Guangzhou, ornamental tree no. 1, China AJ878728, AJ878729 I C1 (34)
Mt Elgon no. 1, Kenya AJ877306, AJ877307 I A (36)
Motula, Ethiopia* AJ877308§ I C1 (33)
Quetta, Pakistan* AJ878727§ VI C1 (24)
Reunion Island no. 1, France AJ877303 IV A (38)
Teetaem, Oman* AJ878725§ I C1 (26)
Timau no. 2, Mt Kenya, Kenya AJ877304, AJ877305 I, IV A (39)
Corresponding ITS-1 and plastid DNA lineages are given. EMBL accession number of each ITS-1 haplotype is indicated.
*Herbarium sample.
Plastid haplotype number in brackets.
ITS-1 sequence after cloning.
§Direct sequencing.
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RESULTS
Distribution of plastid DNA polymorphism
A total of 40 plastid haplotypes was found, as defined based on
molecular variation in ccmp5, ccmp7, trnT-L, trnS-G and
matK fragments (Table 1), which greatly extends the number
of haplotypes (15) previously identified (Besnard et al., 2002).
Ten of the 25 new haplotypes were determined from 28
herbarium samples collected in remote geographical areas.
Two main lineages restricted to specific areas can be recog-
nized from the reduced median network (Fig. 1): one corres-
ponding to populations of subsp. cuspidata from southern
Asia, eastern and southern Africa (lineage cp-I); and a second
group, including samples of the other five subspecies from
northern Africa, Macaronesia and the Mediterranean plus
south-east Egyptian samples of subsp. cuspidata (lineage cp-II;
Fig. 2). Within lineage cp-I, three haplotype sublineages are
recognized: A (from the Rift Valley to southern Africa); C1
(from eastern Africa to south-eastern Asia); and C2 (western
Arabia and eastern Africa). Ornamental trees from China
display one haplotype (34) belonging to sublineage C1. Within
lineage cp-II, four haplotype sublineages are identified: M
(Agadir mountains, Macaronesia); E1 (Mediterranean basin,
the Sahara); and E2 and E3 (the western Mediterranean) (for
lineage coding see Besnard et al., 2002). Africa displays the
greatest diversity in haplotype number (33 of 40). Interestingly,
we detected 16 haplotypes and three sublineages (E1, E2, M) of
subspp. maroccana, guanchica, cerasiformis and europaea,
distributed in north-west Africa (from the eastern Maghreb
to Macaronesia) and 11 haplotypes and four sublineages (A,
C1, C2, E1) of subspp. cuspidata and laperrinei, distributed in
north-east Africa. In contrast to multiple haplotypes and
lineages in a single area, we observed that wild populations
separated by thousands of kilometres share the same haplo-
types (e.g. haplotypes 35 and 39 in South Africa and Kenya; 24
in Oman and India; 1 in Syria and Spain; 11 in Libya and
Spain).
Characterization of ITS-1 sequences and phylogeny
We isolated 52 ITS-1 sequences from 38 individuals
(Table 2). Cloning was required in 17 cases because multiple
copies were detected by direct sequencing (see above). All
Figure 1 Reduced median network (Bandelt et al., 1999) representing phylogenetic relationships of plastid DNA haplotypes in the Olea
europaea complex. Each haplotype is represented by a symbol and its corresponding number. Relationships between haplotypes are based on
21 variable characters (Table 1), of which 20 are parsimony-informative. The two lineages cp-I and cp-II are indicated. Main haplotype
groupings (sublineages) are named following Besnard et al. (2002) (see Results). Their geographical distribution is given (see Fig. 2).
Missing, intermediate nodes (small black points) are indicated.
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sequences displayed high nucleotide identity (between 86.5%
and 100%) and were unambiguously aligned. We failed to
obtain PCR amplification from Olea woodiana, O. lancea
and O. capensis, species circumscribed in section Ligustroides
Benth. & Hook. This section includes the closest relatives to
the olive complex, which are not sexually compatible with
O. europaea (Green, 2002). Main features of the MP analyses
are shown in Table 3. The MP and BI methods gave similar
topologies. These analyses allowed identification of a large
monophyletic group (1.0 pp, 88% bs; group 1 in Fig. 3a)
formed by the 52 sequences obtained here, plus the five
sequences from Hess et al. (2000). ITS-1 copies amplified
using different primers (ITS-A and ITS-C) clustered together
in groups 2 and 3, which are closely related to group 1.
Two presumed functional sequences (group 4), amplified
with the primers ITS1-For and ITS4-Rev (Brown et al.,
1996), displayed a basal-most position in the phylogeny
(Fig. 3a).
Figure 2 Geographical distribution of the
Olea europaea complex (shaded area) and
plastid DNA haplotypes. Size of pie charts
and symbols indicates number of individuals
sampled from each location and correspon-
dence with haplotype number in Fig. 1.
Individuals characterized using herbarium
specimens are indicated by an asterisk. Each
plastid sublineage is distinguished by a spe-
cific colour.
Table 3 Number of variable and parsi-
mony-informative characters and main fea-
tures of the maximum parsimony analyses
performed on two ITS-1 data sets: total
matrix and sequences of group 1
Character
Total ITS-1 matrix
(Olea europaea + outgroups)
ITS-1 copies of group 1
(O. europaea)
Number of variable positions (%) 77.6 34.5
Number of parsimony-
informative characters (%)
61.7 23.8
Maximum sequence divergence (GTR)* 6.4 0.25
Informative indels 8 1
Number of most-parsimonious trees 452 824
Tree length 579 138
CI (excluding autapomorphies) 0.514 0.681
RI 0.807 0.911
*GTR distance ¼ general time-reversible distance.
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Sequence length, G + C content, minimum-energy secon-
dary structure, sequence similarity with a closely related
outgroup (Osmanthus fragrans) and nucleotide substitutions
at the 5¢ ITS starting point and in 5.8S were then investigated in
the four ITS-1 groups (Table 4). Group 1 includes shorter ITS-
1 sequences (213 bp). This size difference was mainly due to a
specific 30-bp deletion. The G + C content of sequences
displayed great variation between groups. Groups 1–3 display
poor G + C content (48–59%), whereas group 4 shows a higher
G + C content (70%). The secondary structure of ITS-1
sequences displayed lower stability in groups 1–3 (D ¼ 47.8–
62.2 kcal mol)1) than in group 4 (D ¼ 92.6 and 96.2 kcal
mol)1). Group 4 sequences have the lowest sequence divergence
with the Osmanthus accession, which is considered to
represent a functional ITS unit. Additionally, substitution
patterns were analysed to look for potential functional
constraints at two highly conserved segments, the 5¢ ITS-1
starting point and a 38-bp segment of the 5.8S gene. Only
Figure 3 Two 50% majority-rule consensus
trees of nrDNA ITS-1 sequences in the Olea
europaea complex based on a Bayesian
inference (BI) approach. The HKY + G
model was chosen as the simplest molecular
model of evolution (Posada & Crandall,
1998). Support values over 50% are indicated
for posterior probability (pp; above) and
bootstrap (bs; below) after BI and maximum
parsimony analyses, respectively. (A) Phylo-
geny of ITS-1 sequences in the olive complex.
Olea europaea accessions are resolved into
four groups of closely related sequences
(groups 1–4). Sequences forming groups 1–3
correspond to pseudogenes; sequences of
group 4 display characteristics expected for
functional units (Table 4). Accessions from
Hess et al. (2000) are in bold. In group 1,
bootstrap values are not presented on the
corresponding nodes. (B) Phylogenetic rela-
tionships of ITS-1 sequences in group 1.
Seven main lineages are observed, named
I–VII and symbolised. Their geographical
distribution is given (see Fig. 4). The tree is
rooted to maximize agreement with the tree
presented in (a). When two ITS-1 sequences
are available for the same individual, acces-
sions are labelled by a specific letter (a–n).
Accessions of the four individuals with two
divergent ITS-1 sequences are highlighted in
bold with a specific colour.
G. Besnard, R. Rubio de Casas and P. Vargas
744 Journal of Biogeography 34, 736–752
ª 2006 The Authors. Journal compilation ª 2006 Blackwell Publishing Ltd
sequences belonging to group 4 displayed a low level of
substitution in these two segments compared with the
outgroup sequence of Osmanthus. All these observations
support the fact that sequences in groups 1–3 correspond to
pseudogenes, while sequences of group 4 display characteristics
expected for functional units.
In group 1, seven well supported lineages were recognized in
the phylogenetic tree (> 0.98 pp, > 79% bs; Fig. 3b). Each
lineage displayed a specific geographical distribution (Fig. 4):
lineage I (subspp. laperrinei, cuspidata) from the Rift Valley to
Asia; lineage II (subspp. europaea, cerasiformis) from Madeira
and the western Mediterranean; lineage III (subsp. europaea) in
all populations analysed from eastern Mediterranean, and in
four trees from western Mediterranean (cv. Olivie`re, Cyrenai-
que, Torvizcon, Tiznit); lineage IV (subsp. cuspidata) from
southern Africa to the Rift Valley; lineage V (subspp.
guanchica, maroccana, laperrinei) in north-west Africa and
the Canary Islands; lineage VI (subsp. cuspidata) from two
Asian populations (Iran, Pakistan); and lineage VII (subsp.
maroccana) in a single sample from Mentaga (southern
Morocco). Lineages II and III are sister groups (Fig. 3) and
therefore may have a more recent divergence than other
Figure 3b continued
Isolation and reticulation in the olive tree complex
Journal of Biogeography 34, 736–752 745
ª 2006 The Authors. Journal compilation ª 2006 Blackwell Publishing Ltd
lineages. The presence of lineages II, III, V and VII in north-
west Africa (including Macatonesia) indicates the highest
lineage diversity of O. europaea in this area, where four olive
subspecies occur. Two distinct ITS-1 sequences were found in
14 individuals. In 10 of these, the two sequences display high
similarity (between 95.5% and 99.5%) and were placed in the
same ITS-1 lineage (Fig. 3b). Interestingly, four individuals
contained two divergent ITS-1 copies of distinct lineages
[Tiznit no. 1 (II/III), Jabbaˆrene (I/V), Timau no. 2 (I/IV) and
Mentaga no. 2 (V/VII); Table 2; Fig. 3b].
Plastid and nuclear phylogenetic congruence
Cytoplasmic and ribosomal lineages of the 38 individual
samples characterized using both plastid and ITS-1 (group 1)
polymorphism are summarized in Table 2. Congruent clusters
from plastid and nuclear markers (Figs 1 & 3) suggest the
following:
1. A remarkable differentiation process occurred in the eastern
and western parts of the Mediterranean, with a higher diversity
in the western side.
Figure 4 Geographical distribution of the
seven ITS-1 lineages of group 1 (see Fig. 3).
Individuals characterized using herbarium
specimens are indicated by an asterisk. Each
ITS-1 sublineage is distinguished by a specific
colour.
Table 4 Main features of the four Olea europaea ITS-1 groups (see Fig. 3a)
Character Group 1 Group 2 Group 3 Group 4
ITS-1 length 213 245 244 or 245 245 or 246
G + C content (%) 52.8–59.6 50.6–52.2 48.1–49 68–71
Minimum-energy secondary structure (37C)* )47.8 to )61.1 )53.6 to )57.5 )52.4 to )62.2 )92.6 to )96.2
GTR sequence divergence with outgroup
(Osmanthus fragrans, AF135190)
1.09 0.82 1.18 0.38
5¢ starting point TCGA or TCAA TTGA TCGA TCGA
Nucleotide-substitution number in 5.8S (O. fragrans, AF135190) 1–7 6–7 5 1
*Minimum-energy secondary structure (D) in kcal mol)1.
Based on 38 bp at 5¢ part of 5.8S gene.
Characteristics based on the five complete ITS-1 sequences from Hess et al. (2000).
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2. The two sister taxa subspp. guanchica and maroccana form
part of the same plastid and nuclear lineages, which are clearly
distinguished from Mediterranean populations.
3. Equatorial and southern African populations of subsp.
cuspidata are separated from Asian and north-east African
populations. With both plastid sublineages and ITS-1 lineages,
a transition area is detected between Ethiopia and Kenya
(Figs 2 & 4).
Phylogenetic incongruence between the two-genome recon-
structions (Figs 1 & 3) was also detected, as follows.
1. In the plastid analysis, subsp. cerasiformis is related to
guanchica-maroccana, while the ITS-1 analysis indicates strong
affinities with western Mediterranean populations of subsp.
europaea.
2. Accessions of subsp. laperrinei form part of one (E1) of the
three plastid sublineages of Mediterranean populations (europ-
aea), but their ITS-1 sequences are closely related to those
from both Agadir mountains and the Canary Islands (guan-
chica-maroccana, lineage V) and from north-east Africa
(cuspidata, lineage I).
3. In subsp. cuspidata, the population from Gebel Elba
(southern Egypt) displays a plastid lineage primarily distri-
buted in the Mediterranean and the Sahara (sublineage E1),
while its ITS-1 sequences are strongly related to those found in
both north-east Africa and two populations from the Sahara
(lineage I).
4. Two plastid (C1 and C2) and two ITS-1 (I and VI) lineages
were found in both South Asia and East Africa (Figs 2 & 4),
but the plastid and ribosomal lineage sorting did not lead to a
clear identification of two distinct geographical groups.
DISCUSSION
Major lineages of O. europaea
The haplotype network based on plastid DNA polymorphism
enabled the identification of two main haplotype lineages and
seven sublineages (Fig. 1). The clear-cut geographical distri-
bution of lineages cp-I and cp-II supports an early differen-
tiation between populations from southern Africa to China
(subsp. cuspidata) and the Mediterranean, Macaronesia and
the Sahara (all other subspecies) (Vargas & Kadereit, 2001). In
this paper, a new western Mediterranean sublineage (E3) and
two new closely related sublineages from southern Asia and
eastern Africa (C1 and C2) are recognized, in addition to the
five described previously (Besnard et al., 2002). Populations of
sublineage C1 are present across a large area (from Ethiopia to
China; Fig. 2) and may have diverged from an ancient
common ancestor that colonized this geographical area. We
hypothesize that sublineage C2, formed by populations from
African and Arabian coasts of the Red Sea, may reflect a
secondary divergence from sublineage C1 (Fig. 1). Haplotype
relationships in the sublineage C2 reveals that natural barriers
(such as the Red Sea) did not preclude seed exchange between
the two continents, in contrast to previous predictions
(Besnard et al., 2002).
General distribution of plastid lineages is not fully congruent
with present-day taxonomy (Green, 2002). Most of the African
individuals of subsp. cuspidata display haplotypes from
sublineages A, C1 and C2 (lineage cp-I), except for one
population from southern Egypt, which forms part of sublin-
eage E1 (lineage cp-II) together with eastern Mediterranean
(subsp. europaea) and Saharan (subsp. laperrinei) populations.
In addition, populations of subsp. europaea form part of three
sublineages (E1, E2, E3; lineage cp-II), while sublineage M
(lineage cp-II) indicates a close relationship of three subspecies
(subspp. maroccana, guanchica, cerasiformis) of north-west
Africa and Macaronesia (Fig. 1). Therefore there are more
plastid lineages (7) than recognized taxa, whereas two lineages
(E1, M) contain the six subspecies.
Occurrence of divergent ITS-1 paralogues in the olive
complex was inferred by phylogenetic analyses (Fig. 3a).
Molecular characteristics of available nrDNA sequences
(Table 4) indicate that most correspond to non-functional
ribosomal copies. Divergent paralogues appear to be respon-
sible for previous difficulties in the analysis of nrDNA in
O. europaea, as already found in maize (Buckler et al.,
1997), Quercus (Mayol & Rossello´, 2001), Ilex (Manen,
2004) and Rubiaceae (Razafimandimbison et al., 2004). All
ITS-1 phylogenetic reconstructions support the monophyly
of group 1 (Fig. 3a). In addition, ITS-1 sequences of group
1 are characterized by a specific 30-bp indel. Considering
the molecular characteristics, we can assume that these
sequences (obtained with a particular primer pair) come
from the same nrDNA array. Additionally, molecular
analysis of minimum-energy secondary structure, simple
models of molecular evolution and comparative features of
ITS-1 of each sequence lead us to suggest that group 1
underwent an independent evolutionary process holding
phylogenetic signal (Tables 3 & 4). The clustering of taxa
within group 1 was basically similar to that previously
revealed by multiple fingerprinting markers (Angiolillo et al.,
1999; Hess et al., 2000; Besnard et al., 2001b; Rubio de
Casas et al., 2006). All these sources of evidence support the
utility of the ITS region of the same pseudogene lineage in
molecular phylogenetics of the O. europaea complex, as
shown successfully in other angiosperms (Rauscher et al.,
2004; Razafimandimbison et al., 2004). Interestingly, this
pseudogenic nrDNA type isolated in all O. europaea
subspecies was not detected in Olea sect. Ligustroides, a
taxon closely related to the O. europaea complex (Baldoni
et al., 2002; Green, 2002). The pseudogene identified thus
may have been the result of a relatively recent process of
evolution post-dating the divergence of O. europaea from
sect. Ligustroides. However, the alternative hypothesis of a
lack of sites for ITS-1 primer binding in sect. Ligustroides
cannot be excluded.
In group 1, each ITS-1 lineage has a limited geographical
distribution (Fig. 4), in many cases similar to that of a
particular plastid DNA lineage. Both ITS-1 and plastid DNA
data indicate that most populations of O. europaea are
differentiated phylogenetically in five geographical areas: (1)
Isolation and reticulation in the olive tree complex
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equatorial and southern Africa; (2) eastern Africa and southern
Asia; (3) the eastern Mediterranean; (4) the western Mediter-
ranean; and (5) Macaronesia and north-west Africa. However,
unexpected incongruences between plastid DNA and ITS-1
analyses, associated with ITS-1 intra-individual polymorphism
(unrelated copies of group 1), led us to propose a more
dynamic biogeographical pattern (see below).
Molecular evidence for recurrent hybridization
A high number of lineages, both in plastid and ribosomal DNA
analyses, were found primarily in each of two geographical
areas: the western Mediterranean and eastern Africa. The
occurrence of several glacial refugia in Macaronesia, Morocco,
southern Iberia and the eastern Maghreb, coupled with the
introduction of multiple cultivars across the Mediterranean
bringing about gene flow with local populations, may account
for recurrent contacts of olive genomes resulting in a higher
genetic diversity observed in the western Mediterranean basin
(Besnard et al., 2002; Lumaret et al., 2004). In eastern Africa,
the detection of phylogenetically unrelated plastid DNA
haplotypes (cp-I, sub-lineages C1, C2 and A; and cp-II,
sublineage E1; Fig. 2) and of two major ITS-1 lineages (I and
IV; Fig. 4) also supports the hypothesis of secondary contacts
between differentiated populations (Besnard et al., 2002). A
discordant pattern between plastid DNA haplotypes, ITS-1
sequences and taxonomy has traditionally been considered
under the hypothesis of hybridization (Rieseberg et al., 1996;
Wendel & Doyle, 1998). The fact that single individuals
contain more than one ITS-1 copy of group 1 in four cases
shows that concerted evolution failed to homogenize nrDNA
from divergent lineages of O. europaea. Co-occurrence of two
divergent ITS-1 copies in an inter-subspecies hybrid was also
reported in an invasive Australian population of O. europaea
(G.B. and co-workers, unpublished data), which provides
further evidence that mixture of divergent copies in a single
individual is the result of hybridization between genetically
distant genomes.
The body of knowledge accumulated for olive trees in the
past decade, including the viability of F1 crosses between
subspecies (Besnard et al., 2001b; G.B., unpublished data),
leads us to infer four major reticulation processes:
1. introgression of eastern olives into western Mediterranean
populations (reported by Besnard et al., 2001b, 2002);
2. gene flow between Macaronesian and western Mediterra-
nean populations as a result of natural introductions (as
suggested by Hess et al., 2000) or human-induced introgres-
sion with cultivated olives (as suggested by Green, 2002);
3. secondary contacts in a potential, large hybrid zone consist-
ing of the Saharan mountains (from the Hoggar to southern
Egypt) when climatic conditions were favourable; and
4. gene exchange in the Kenyan and Ethiopian highlands (Rift
Valley) through a corridor connecting eastern and southern
African areas.
The two latter reticulation processes have not been reported
previously, and are highlighted in the present study.
Overall, mid-term differentiation of isolated populations
(subspp. laperrinei, maroccana, guanchica and cerasiformis),
coupled with a more recent pattern of hybridization, may
account for limited morphological differentiation and
incongruence between taxonomy, nuclear sequences and
plastid haplotypes in the olive tree complex. Historical
isolation and reticulation may have been caused largely by
geographical barriers (such as seas or deserts), corridors and
climatic changes resulting in waxing-and-waning processes
during the Pliocene and Pleistocene.
The Saharan desert: barrier or hybridization arena?
Climatic changes, such as a drier climate in eastern Africa and
the Sahara marking the end of the Pliocene (Que´zel, 1978;
Bonnefile, 1983), are hypothesized to have contributed to the
isolation and genetic differentiation of olive populations in the
Mediterranean, southern Africa and Arabia. Several species
display a geographical distribution similar to the olive tree.
Erica arborea, and some Andropogoneae species, such as
Andropogon distachyos and Hyparrhenia hirta, are present in
the Mediterranean basin, Macaronesia, Saharan mountains,
tropical Africa and Arabia, which indicates a shared history of
plant distribution between Africa and the Mediterranean
(Que´zel, 1978). Molecular data have also demonstrated that
plant migrations from the Mediterranean to the Saharan
mountains occurred in Senecio (Coleman et al., 2003), Atriplex
(Ortı´z-Dorba et al., 2005) and Erica (McGuire & Kron, 2005).
Palaeobotanical data led several authors to consider
O. europaea as a floristic element of palaeo-tropical origin
that colonized the Mediterranean basin from tropical Africa
during the Pliocene (Que´zel, 1978; Suc, 1984). Our results shed
further light on the role of the Sahara in the evolution and
distribution of olive trees. Since its formation (c. 7 Ma), the
Saharan desert may have been an effective barrier, limiting
significant reproductive contacts between the two major
plastid lineages, which are separated in all molecular analyses
(Vargas & Kadereit, 2001; Baldoni et al., 2002; Besnard et al.,
2002; Figs 1 & 2). Based on maternally inherited markers
(plastid DNA), we hypothesize that significant isolation has
been maintained primarily during episodes of the Plio-
Pleistocene desertification of the Sahara. We also obtained
strong support for more recent gene flow between Mediterra-
nean and subtropical populations, as individuals from Saharan
mountains share common nrDNA and plastid DNA lineages
with Mediterranean, north-western Africa and eastern African
populations. Olive distribution was wider in northern Africa
during favourable periods as late as in the Last Glacial
Maximum (Maley, 2000). A succession of humid transitional
events in the Saharan mountains may have facilitated recurrent
contacts between O. europaea populations from the Mediter-
ranean basin and tropical Africa. Long-distance gene flow via
pollen dissemination may have occurred. Additionally, we also
hypothesize that seed dissemination actively mediated by birds,
such as pigeons, warblers, blackcaps or blackbirds (Wickens,
1976; Herrera, 1995; Hess et al., 2000; Alca´ntara & Rey, 2003),
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has favoured long-distance dispersal in relatively recent times,
in spite of the Saharan desert and Mediterranean sea barriers,
as shown by the sharing of certain terminal haplotypes between
South Africa and Kenya (haplotype 39), northern Iberia and
Tunisia (haplotype 9), or southern France and Libya
(haplotype 11) (Figs 1 & 2). Palaeobotanical and palaeocli-
matic evidence agrees with a deeper genetic and geographical
isolation of the Saharan populations of subsp. laperrinei on
high mountains as a result of aridification, particularly after
the last deglaciation (Que´zel, 1978; Gasse et al., 1990). The
exceptional survival of laperrinei individuals and a low
population turnover (Baali-Cherif & Besnard, 2005) may also
be responsible for the maintenance of an nrDNA hybridization
signal during the past thousands of years.
The phylogenetic patterns found in O. europaea can be
complemented with phylogeographical patterns of the olive fly
(Bactrocera oleae), which reveal a Quaternary split of
Mediterranean and African populations (Nardi et al., 2005).
The Saharan desert again appears to have played an important
role in recurrent isolation of organisms, not only in recent
times, but also in aridification episodes of the Pliocene and
Pleistocene (Que´zel, 1978). Molecular-clock estimates of a
diphyletic tree of elephant shrews suggest that Miocene
climatic events conferred on the Saharan desert the role of
vicariant barrier for an even earlier animal isolation (Douady
et al., 2003). Miocene and Pleistocene periods also coincide
with the historical separation of European and African Erica
species (McGuire & Kron, 2005). Therefore a long history of
climatic shifts in northern Africa triggered a waning-and-
waxing distribution of plants in the Sahara territory (Maley,
2000). In addition to wild olives, the occurrence of secondary
hybrid zones in eastern Africa was also detected for the
honeybee (Franck et al., 2001) and cattle (Hanotte et al.,
2002), two other species of agronomic importance. Palaeobo-
tanical data predict a long corridor for plants encompassing
the mild eastern Sahara and the mountainous eastern Africa
since the uplift of the Ethiopian Highlands during the early
Miocene (McGuire & Kron, 2005). An increasing number of
phylogenetic and phylogeographical studies on different plant
groups will serve to test hypotheses of recurrent isolation by
the Saharan desert alternating with hybridization events in
favourable climatic periods.
Origin of the cultivated olive
Our plastid DNA and nrDNA results do not support the
hypothesis of a recent olive establishment in the Mediterra-
nean from tropical regions (Oliver, 1868; Newberry, 1937;
Green, 2002). Uniqueness of lineages and great molecular
diversity of plastid and nuclear markers lead us to hypo-
thesize a long-standing occurrence of the olive in the
Mediterranean, a scenario also supported by palaeobotanical
evidence (Terral et al., 2004b). Common ancestry of
O. europaea in Africa may have spawned new lineages in
Macaronesia, Asia and the Mediterranean long before the
Quaternary (Palamarev, 1989). Evolution of the Mediterra-
nean climate in the past 3 Myr may have caused differen-
tiation of subsp. europaea populations in the thermophilous
vegetation of the Mediterranean basin (Suc, 1984; Palama-
rev, 1989). Significantly later, Mediterranean olive cultivation
began in several locations in relation to Holocene biocli-
matic changes (Zohary & Hopf, 2000; Terral et al., 2004a).
Archaeological evidence reveals that the cultivated olive was
initially domesticated from eastern Mediterranean stocks
(Zohary & Hopf, 2000). Today, high levels of genetic and
morphological diversity are the result of subsequent hybrid
origin of multiple cultivars across the western Mediterranean
(Besnard et al., 2001a; Contento et al., 2002). Recurrent
hybridization events are probably also related to significant
morphological changes observed in archaeological material
(Terral et al., 2004a). The hypothesis of a continuous
enrichment of olive trees with multiple wild Mediterranean
genomes in the course of the domestication is compatible
with the molecular similarity of wild and cultivated olives
from the same country using multiple markers (Belaj et al.,
2001; Besnard et al., 2001a; Vargas & Kadereit, 2001).
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